INTRODUCTION
In an age where engineered materials are becoming common place in the competitive world market, the manufacturer using engineered materials can not afford to waste material in the manufacturing process. The quality control techniques must become real time and on-line to reduce material waste and to reject unacceptable components before complex processing is performed on them. Once the quality control techniques become real time and on-line, the techniques can be incorporated into a feedback loop. The feedback loop can then be used to monitor and adjust the relevant parameters during the manufacturing process to assure component compliance to the desired specifications. To help usher in the era of "smart" manufacturing processes, new reliable and non-contacting NDE systems must be developed.
The Thermal-Acousto-Photonic (TAP) NDE research program at Texas A&M University [1, 2] has been developing a fiber optic based ultrasonic inspection system to meet the harsh requirements of a non-contacting inspection system in an industrial environment. The fundamental limitation of the TAP NDE program has been in the detection of the ultrasonic displacements using the Fiber Tip Interferometer (FTI) [3] . Although the FTI has a number of distinct advantages, the greatest of which is its simplistic nature, the FTI sensor can not be made into a robust ultrasonic or displacement detector in an industrial setting. This paper focuses on replacing the FTI with an Injection Locked Laser (ILL) sensor. The ILL sensor incorporates heterodyne interferometry and Digital Phase Demodulation (DPD) [4] to overcome the fundamental limitations of the FTI. While the ultimate goal of the research presented in this paper is to develop a general displacement sensor that will be capable of detecting ultrasound, the proof of concept for the ILL as a displacement sensor has been demonstrated in this paper in the acoustic/vibrational frequency range.
TECHNOLOGIES FOR ROBUST DISPLACEMENT SENSORS
The impetus for designing the ILL sensor comes from the fundamental flaw of the FTI for industrial sensing. The limiting flaw of the FTI is that the displacement sensitivity is a delicate function of position, reflectivity and alignment. This flaw results from the nature of the FTI. The FTI is a single mode optical fiber used as a homodyne (single frequency) interferometer. The reference arm of the interferometer is generated by the partial reflection of light at the fiber tip as the light exits the fiber. The sample arm of the interferometer is generated by the fiber recapturing some of the exiting light which has been backscattered off of the test surface. The interference of the reference light with the sample light produces amplitude modulation of the detected light intensity. The detected light intensity is dependant on the distance between the fiber tip and the specimen, on the reflectivity of the specimen, on the optical alignment of the fiber tip to the specimen, and the on output intensity of the laser source.
The detected light intensity of the interferometric fringe follows a sin 2 relationship [3] with respect to the distance between the fiber tip and the test surface. The sensor thus becomes non-linear for displacements with an amplitude of approximately 50 nm in an optical interferometer. To obtain maximum sensitivity and linearity of the light intensity as a function of path length changes, the FTI should be positioned and maintained to produce a resulting light intensity which is centered between the maximum and minimum of the interferometric fringe intensity. This exact location on the fringe can only be maintained in the presence of ambient displacements in an industrial environment by adding complexity and bulk to the FTI. With out this active stabilization of the FTI, the sensor sensitivity, linearity, and calibration can not be assured. Thus, a fundamentally new sensor design is justifiable.
A heterodyne (two frequencies) interferometer will not have the fundamental flaw of the FTI. Because the interferometer reference arm consists of light at a slightly different frequency from the sensing arm of the interferometer, the light intensity at the photodiode varies sinusoidally with time. This light intensity variation at the photodiode occurs at the Heterodyne Beat Frequency (HBF) or carrier frequency which is the frequency difference between the light used in the reference and sample arms. Since the light intensity of the interferometric fringe is already changing with time, the sensitivity and calibration of the resulting demodulated displacements are not related to the test surface location, reflectivity, or alignment. The direction of the object's motion is determined from the Doppler and phase shifting of the light in the test arm of the interferometer. The Doppler and phase shifts resulting from the surface motion are reflected in the frequency and phase modulations of the carrier frequency and produces a modulated carrier frequency. The FM modulation and demodulation technology in the MHz to GHz range developed by the communications industry can be used to design heterodyne sensors with large bandwidths. Frequency variations in the modulated carrier are related to surface velocity and phase changes in the modulated carrier are related to surface displacements. Thus the user has the option of demodulating the modulated carrier for velocity or displacement information. Large displacements (» 1 !lm) can be linearly detected by unwrapping phase changes which are greater than 21t in the modulated carrier.
Displacement measurements are more convenient to quantify energy and attenuation parameters of a propagating ultrasonic disturbance. Therefore it is desirable to monitor the phase variations in the modulated carrier to obtain displacement information directly. Typical ultrasonic displacements are on the order of nanometeres, but the ambient motion of the test surface and or sensor may be in the displacement range of J,lm to mm. Typically analog filters are used to filter out the low frequency, high amplitude vibrations so that they will not interfere with the measurement of ultrasonic signal. The low frequency vibrations may however, contain useful information. To measure the low frequency vibrations, a separate optical vibrometer or different demodulation electronics would be required. Analog phase measurement of the modulated carrier also requires accessing the reference carrier to provide displacement information. In the present ILL sensor, there is no reference carrier to provide a phase reference. The additional technology to compensate for these deficiencies in analog demodulation would greatly increase the complexity and cost of the ILL sensor. This is why digital demodulation methods were developed for the ILL sensor.
Digital Phase Demodulation (DPD) [3] obtains the displacement information from the digitized modulated carrier output provided by the ILL sensor. The displacements are calibrated with respect to the wavelength of light used in the heterodyne interferometer and remains linear for large displacements. No assumptions are made about the frequency content or amplitude of the surface displacements. The HBF must only be high enough to prevent loss of information in the sidebands of the modulated carrier. The general rule of thumb in FM telemetry is that the HBF should be at least ten times the highest frequency component in the modulating surface motion. DPD techniques are flexible and can be easily optimized for ultrasonic or for vibrational measurements. Phase tracking for large displacements can be implemented without affecting the resolution of the displacement measurement. The single shot displacement resolution is near 2 nm because the digitized data can be filtered and interpolated.
To alleviate the sensitive and unreliable optical alignment associated with all optical interferometers, the unique properties of a laser cavity can be utilized. The laser cavity is used to amplify Doppler/phase shifted light which has been backscattered into the cavity from a moving surface. The Doppler shifted light acts as an external laser source which forces the laser cavity to lase with the same frequency and phase characteristics as the return light. This phenomenon is called injection locking. The amount of scattered light which is necessary to injection lock the laser cavity is a small fraction of the unperturbed laser intensity. The output intensity of the injection locked laser is stable despite variations in the amplitude of the injected light due to instabilities in optical alignment, and in surface reflectivity. The injected light is amplified until the gain medium is saturated and a stable output intensity is maintained.
By combining the three technologies, heterodyne interferometry, Digital Phase Demodulation and Injection Locked Lasers, into an ILL sensor, a robust and flexible, interferometric displacement sensor can be designed. The ILL sensor will have the resolution to detect ultrasonic displacements and yet have the dynamic range to monitor large displacements such as vibrations. The ILL sensor does not have the fundamental limitations of the FTI for industrial sensing. The actual design and results of the ILL sensor will be discussed with the emphasis being placed on laser injection locking.
INJECTION LOCKED LASER SENSOR
To make the injection locked laser a heterodyne interferometer, a dualpolarization frequency stabilized laser is used to provide two nearly decoupled orthogonally polarized modes. These modes are oscillating at slightly different frequencies and produce a nominal HBF. A diagram of the laser sensor is shown in Figure 1 . It is an external mirror laser which is designed to allow only two orthogonal modes to lase. The vertically polarized mode, selected by the vertical polarizer, is used to carry the induced modulation signal from the external cavity formed by the illuminated object. The scattered light is Doppler shifted and acts as an independent laser source to which the vertically polarized laser cavity is injection locked to. The horizontally polarized mode, which is confined to the inside of the laser, is then used as the reference oscillator to heterodyne with the modulated mode that is vertically polarized. The demodulation can be performed from the laser light emerging from the rear mirror by mixing the two modes using a linear polarizer rotated 45°.
The implementation of the ILL into an actual laser sensor is shown in Figure 2 . The two frequencies of light, which are orthogonally polarized, exit the laser cavity unfocussed and are separated into separate beams by a prism polarizer. The horizontally polarized frequency is sent to a beam dump and is used as the reference beam. The vertically polarized frequency travels 43 cm and through a glass plate to illuminate the "as machined" surface of an aluminum block. No focusing of the beam is necessary. The aluminum block is attached to a piezoelectric pusher. The pusher provides controlled frequency and amplitude motion of the aluminum block. The motion of the block FM modulates the backscattered light. A small percentage of the FM modulated backscattered light re-enters the laser cavity through the vertically polarizing prism to IL the vertically polarized laser frequency. The alignment of the aluminum block is obtained by hand only.
The vertically polarized IL frequency and the horizontally polarized reference frequency exit through a polarizing prism. Since the polarizing prism is imperfect, a small percentage of the horizontally polarized frequency passes through the polarizing prism with the vertically polarized frequency. Four percent of this combined light is reflected off of the glass plate to the polarizer and photo detector. The polarizer is oriented at 45° degrees with respect to either orthogonal axis and mixes the two orthogonal frequencies. This mixed light beam is then focussed onto the photodetector. The photodetector converts the light intensity fluctuations caused by the beating of the two frequencies into an electrical signal. The center frequency of the output signal is centered at the HBF of the two frequency laser. For the laser used in this experiment the HBF was close to 640 MHz. The HBF is FM modulated by the surface motion and can be demodulated using Digital Phase Demodulation techniques discussed in this proceedings [4] .
By using Digital Phase Demodulation techniques, the two frequency stabilized laser can be used without active frequency stabilization which was necessary in [5] . Digital phase demodulation eliminates the need for the fragile feedback and control hardware to obtain a stable reference frequency for electronic phase demodulation. This makes the system more robust and compact while monitoring pulsed excitations. 
RESULTS
The experimental arrangement shown in Figure 2 was used to obtain the modulated carrier signal shown in Figure 3 . The 640 MHz HBF obtained from the two frequency stabilized laser was digitally mixed [4] to a lower HBF of approximately 10.2 kHz. The digital mixing (ailiasing) was achieved by sampling the 640 MHz carrier at a digitization rate of 500 MSa/s. Since the frequency stability of the stabilized laser is on the order of 10 kHz, the exact HBF value changes significantly with time. This is not a problem if the frequency does not change significantly during the sampling period or if the frequency instabilities are outside of the bandwidth of the objects motion.
The modulation of the carrier frequency was achieved by applying a sinusoidal voltage near 500 Hz to the PZT transducer to obtain object motion. Figure 3 shows that the modulation index is large. The modulation index is defined as the peak phase deviation of the carrier, in radians. The large magnitude of the modulation index is inferred by the significant (relative to the carrier frequency) presence of sidebands. Since the DPD algorithms make no assumptions about the magnitude of the modulation index, the modulated carrier frequency represented by Figure 3 can be digitally demodulated as shown in Figure 4 . Figure 4 shows the digitally demodulated surface displacement values versus time. The data points obtained from the acquisition of a single carrier signal were interpolated between sample points to obtain better accuracy in the DPD algorithms. The frequency of the signal can be seen to be close to 500 Hz. The measured peak to peak displacement magnitude is close to 110 nm. The expected value according to the manufacturer of the PZT pusher should have been 218 nm. The difference in the displacement values is reasonable because the PZT pusher is being operated just above the maximum recommended frequency. There is a low frequency displacement on which the 500 Hz displacement signal is riding on top of. This low frequency variation could be due to either the frequency instability of the laser sensor or due to low frequency vibrations of the optical elements. Figure 5 shows the resulting "ambient" displacement measurement for no excitation of the PZT. Another independent experiment is needed to verify the ILL sensor calibration and low frequency stability. Since there are no significant differences between the different DPD algorithms (+ZXing, +DPQ, -ZXing, -DPQ), this is an indication that the quasi static surface assumptions made in the DPD algorithms are valid and the measured displacements are accurate. Figure 6 shows the frequency content of the modulated carrier frequency obtained by modulating the PZT pusher at a higher frequency. A voltage signal of 10 kHz was applied to the PZT pusher. Note that the modulation index is significantly lower and that the low HBF is near 35 kHz. The 35 kHz HBF is effectively sampling the objects 10 kHz surface oscillation at 3.5 samples per cycle. This low number of samples per surface oscillation is stretching the validity of the quasi static surface assumption. This is demonstrated in Figure 7 by the significant differences in the digital phase demodulation algorithms. The frequency of the different demodulated displacements can be seen to be close to 10kHz. While the accuracy has not been confirmed, the apparent resolution is close to 2 nm single shot. 
CONCLUSIONS
The unique properties of a laser cavity to amplify the Doppler shifted back reflections allow ILL sensors to become robust industrial displacement sensors. To obtain high resolution in interferometers, the stability of the laser is critical. Usually retro-reflected light will cause instabilities in the laser since the reflected light is not a stable source. Therefore, when using single frequency lasers it is important to keep small retro-reflections from entering the cavity. Although these retro-reflections give the physicist fits, these same retro-reflected instabilities can be used to measure object displacements with 2 nm resolution as demonstrated.
Using a dual-polarization laser for interferometric displacement detection has many potential advantages over traditional interferometers. The system is self aligning, compact and works well directly on diffuse surfaces. The compact design provides some immunity to environmental noise. The probing laser beam can be demodulated by using DPD techniques to produce a favorable system response to surface displacements caused by ultrasound and by vibrations. The system is easy to use and requires no focussing optics making it a robust industrial sensor for NDE inspection systems. It is anticipated that an ILL sensor will be designed with ultrasonic bandwidths in the near future.
